Abstract-This paper presents a novel fault-location scheme for unbalanced power distribution system in the presence of distributed generation (DG). The proposed scheme first identifies the possible fault locations using a new formulation of the impedance-based method. The new formulation overcomes the requirement of fault-type identification by using only one fault-location equation. The proposed equation is applicable to all shunt fault types. From the possible fault locations, the exact fault location is then identified by matching the measured voltage at the substation bus and each DG unit bus with calculated ones. The proposed scheme is applicable for all DG types without the need for their individual parameters. The balanced and unbalanced laterals and the capacitive effect of distribution line are also considered. The proposed scheme was evaluated and tested on a modified IEEE 34-bus distribution system using PSCAD/EMTDC software.
I. INTRODUCTION
T HE deregulation and privatization of power systems have forced electrical utilities to keep the supply and the service continuity indices within the required standards, albeit credible fault and contingencies continue to happen. Faults in power distribution systems are considered to be the main contributor to the supply interruption and are responsible for poor service continuity indices [1] . The most effective way to improve these indices is by employing efficient fault-location (FL) techniques that can minimize the inspection and service restoration times and, thus, reduce outage time and improve service continuity. Moreover, locating a temporary fault can also help in preventing future permanent faults that could bring more damage to equipment [2] . Accordingly, many FL techniques have been devel- S. F. Alwash is with the Power Quality Research Group, Universiti Tenaga Nasional, Selangor 43000, Malaysia, and also with the University of Babylon, Babylon 51002, Iraq (e-mail: shamamalwash@ieee.org).
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oped and deployed in distribution systems [3] . Most of these techniques are designed for radial networks with a single direction of the power flow. However, the assumption of unidirectional power flow is changing as a result of distributed-generation (DG) units integration. The penetration of DG units changes the radial characteristics of distribution systems to nonradial and multisource systems. This new feature of the distribution systems affects the accuracy of the traditional FL methods. Hence, there is a need for an FL method that can be implemented in distribution systems in the presence of DG units. Recently, some FL methods based on a modification or a re-coordination of the existing protective devices have been proposed for the distribution system in the presence of DG units [4] - [8] . The objectives of these methods are correct identification and isolation of the faulted area. However, the exact FL is not attempted.
Methods for determining the exact FL in distribution systems with DG units using artificial neural networks (ANNs) are presented in [9] - [12] . In these methods, simulations for various types and locations of faults are carried out to generate databases, which are then used to train ANNs. These methods suffer from inaccuracy due to the continuous variations of loads and source impedance [13] .
An FL method based on matching the calculated and measured voltage changes at all source buses in the distribution feeder is presented in [14] . In this method, the calculation process of the voltage changes and assumes that the prefault and during fault voltage at each load bus are equal. Hence, in the case of low fault resistance, the error may be very high.
Impedance-based FL methods using the symmetrical-component or phase-component approach are proposed in [15] - [19] . In these methods, an FL equation has been derived for each fault type to identify the possible fault locations in the distribution system when considering only the synchronous generator type of DG unit. In addition, these methods use a short-line model, which neglects the capacitive effect of the overhead distribution lines. However, the capacitive effect can significantly affect the accuracy of the FL method [20] .
An improvement on the impedance-based FL method related to the capacitive effect consideration and the number of FL equations is presented in [20] . The method was formulated for a traditional distribution system where the presence of DG is not considered. The method uses two FL equations based on the identification of fault type. The first equation is used for ground fault types, whereas the second equation is used for the line-to-line fault. The three-phase fault without connection to 0885-8977 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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ground is not considered in the two equations and the identification of fault type is required. However, it is difficult to obtain accurate fault-type identification in the distribution systems [21] . In [22] , a single FL equation has been derived for all possible fault types where the identification of fault type is not required. However, the method does not consider the exact fault point, the capacitive effect, and the presence of DG in the distribution system. Considering the aforementioned limitations of current FL methods, in this paper, a comprehensive FL scheme for unbalanced power distribution systems in the presence of any possible DG type is proposed and examined. The proposed scheme identifies the FL using two steps. In the first step, a new impedance-based method is utilized to identify all possible fault locations using a novel FL equation, which is applicable for all single and compound faults types. The balanced and unbalanced laterals and the capacitive effect of distribution line are also considered. In the second step, the exact FL among the multiple candidate locations is determined based on matching the measured voltage at the substation bus and each DG unit bus with the calculated ones.
This paper is organized as follows: Section II presents the methodology of the proposed FL scheme. Sections III and IV formulate the proposed impedance-based FL method and the proposed exact FL method, respectively. The case study is presented in Section V, whereas the results are presented in Section VI. Section VII presents the conclusions and contributions of this paper.
II. PROPOSED SCHEME
The proposed scheme assumes that the prefault and duringfault voltages and currents measured at the substation bus and the terminal of each DG unit are available as synchronized phasors using digital fault recorders and global positioning system (GPS) means [23] , [24] . The proposed scheme also assumes that all the system data are given except the load power demand at each load bus.
The prefault data are used to estimate the load power demand at each load bus using the same procedures of the load power demand estimation method presented in [25] , with modification to consider the presence of DG units. The basic idea of this method is to utilize a load-flow approach to update normal loads values based on the measured prefault total power, which is supplied from all sources including the substation bus. The algorithm of this method shall be suppressed in this paper due to space limitations.
Once the load power demand at each load bus is known, the bus impedance matrix can be determined for the distribution feeder [26] . Each line section in the feeder is modeled by using the pi section model. The loads which are included in the bus impedance matrix are modeled as constant impedance loads. The impact of other load types and the load variation on the FL estimates will be discussed in the results and discussion section.
The measured currents at each source bus are treated in the proposed scheme as current injections. Hence, the source impedance of these units is not included in the bus impedance matrix. The advantage of this formulation is that the proposed scheme is not affected by the type of DG unit and its interface. The bus impedance matrix and during-fault voltages and currents measured at each source bus are then used in the proposed impedance-based FL method and the proposed exact FL method to identify the FL.
III. PROPOSED IMPEDANCE-BASED METHOD
In the following subsections, a new formulation of an impedance-based FL method for unbalanced distribution systems in the presence of DG units is explained in detail.
A. Proposed FL Equation
Consider a simple distribution system with DG units, as shown in Fig. 1 , which shows a faulty line section between buses and . The fault at point can be of any possible shunt fault type. The fault point divides the faulty line section into two segments. These segments are marked as segmentand segment-, which are upstream and downstream of the fault point, respectively. Each segment is modeled by using the "pi model" to take into account the capacitive effect of the distribution line.
Using the sending-end voltages and currents of the segment-, the voltage at the fault point can be calculated as in (1) [27] (1) per-unit fault distance.
The dissipated apparent power in the fault is given by (4) Substituting (1) into (4) yields (5) Considering a resistive fault, the dissipated reactive power is equal to zero. Splitting the imaginary part of (5) and equalizing it to zero yields (6) Equation (6) can be rearranged as a second-order polynomial with respect to a per-unit fault distance as (7) where (8)
Equation (7) represents a general FL equation that can be used for all possible shunt fault types in a three-phase, two-phase, and single-phase distribution line section. Moreover, shunt fault types can be single-fault types, such as a single-phase-to-ground, phase-to-phase, double-phase-toground, three-phase, and three-phase-to-ground faults, or compound-fault types, such as a single-phase-to-ground fault combined with a phase-to-phase fault for the remaining phases.
In this paper, the proposed scheme represents all line section parameters by three-phase matrices in order to avoid the use of multiple FL algorithms in the unbalanced distribution feeder. For any phase which fails to exist, the corresponding row and column in the matrix equation will contain null entries. By solving (7) for each line section, all possible fault locations are obtained. The sending-end voltages and currents of the analyzed line section, the line parameter, and the fault current are used to calculate the coefficients of (7) . Since the fault current and the sending-end voltages and currents are also unknown, a formulation for estimating these values should be used, and subsequently presented in Sections III-B and C, respectively.
B. Fault Current Equation
For the line section in Fig. 1 , the currents of segment-and segment-both participate in feeding the fault. Accordingly, the fault current can be calculated as (11) The receiving-end current of the segment-can be determined as (12) where (13) For the line section in Fig. 1 , the receiving-end current of segment-, which represents the current of bus-, can be determined by using (14) where denotes the pseudoinverse which is used to avoid the inverse problem of the singular matrix in the case of the single-phase and two-phase line sections [28] .
is the measured current of the DG unit connected at bus-.
represents the driving point impedance at bus-and represents the transfer impedance between buses and . The driving point and transfer impedances are determined from the modified bus impedance matrix. The driving point impedances are the diagonal elements of the modified bus impedance matrix whereas the transfer impedances are the offdiagonal elements. For this case, the bus impedance matrix is modified by separating the subsystem downstream of the th bus from the rest of the system. This is done by removing the series impedance and shunt admittance of the analyzed line section from the original bus impedance matrix.
Using Kirchoff's voltage and current laws, the three-phase voltages and currents at the receiving end of the segment-are given by (15) and (16), respectively [27] (15) (16) Using (1) and (14)- (16), can be written as (17) where
Equations (12) and (17) represent the contributions of the upstream and downstream system to the fault currents in the presence of DG, respectively.
C. Voltage and Current Estimation
For the first line section which is connected to the substation bus, the sending-end voltages and currents are given. So the process for estimating the sending-end voltages and currents at the next section should be performed using those of the upstream line section.
For the line section-, which is located between bus-and bus-, as shown in Fig. 2 , the bus-voltages can be obtained from the sending-end voltages and currents of the upstream line section (line section-) using the following equation: (21) where and are the sending-end voltages and currents of the line section-u. and are determined by substituting in (2) and (3), respectively. The sending-end voltages of the line section-can then be calculated by using (22) where is diagonal matrix, and its values can be determined as follows:
if the phase-exists in the line section-; otherwise, it is equal to zero.
1, 2, and 3.
The sending-end currents of the line section-can be calculated by subtracting the load and laterals currents connected to the incoming bus (bus-) of the line sectionfrom the receiving-end current of the upstream line section (line section-) as shown (23) The receiving-end current of the line section-can be calculated using: (24) In order to determine the currents , which represent the load and lateral currents of bus-, the bus impedance matrix is modified by separating the load and laterals of bus-from the rest of the system. This can be achieved by removing the series impedance and shunt admittance of all line sections connected to bus-except those of the laterals. By separating the load and laterals' subsystem from the rest of the system as shown in Fig. 3 , the reference bus for this subsystem is bus-and the current can be determined by using (25) Substituting (24) and (25) in (23) Equations (22) and (26) are used to estimate the voltages and currents at the sending end of the line section-, respectively.
D. Proposed Impedance-Based Fault-Location Algorithm
The proposed impedance-based FL algorithm is described as follows.
Step 1) Start from the first line section .
Step 2) If , determine the sending-end voltages and currents of the th line section using (22) and (26), respectively.
Step 3) Determine an initial fault current using (27) (27) where and are the measured currents at the sending end of the segment-during the fault and before the fault, respectively.
Step 4) Solve the FL equation to determine the per-unit fault distances and , respectively, using
where , , and are determined by using (8)-(10), respectively.
Step 5) Check the convergence of and by using (30) and (31), respectively (30) (31) where and are a threshold value and the iteration number, respectively.
Step 6) If and converge, go to Step 7). Otherwise, update the fault current by using the determined perunit fault distances and , respectively, in (11) , and return to Step 4).
Step 7) If or is not within the analyzed line section length, go to Step 8) . Otherwise, save the correct per-unit fault distance and save the corresponding fault current and the number of analyzed line sections.
Step 8) If the analyzed section is not the last section, update and return to
Step 2).
Step 9) If multiple candidate locations are obtained, determine the exact FL, as subsequently explained in Section IV.
IV. PROPOSED EXACT FAULT-LOCATION METHOD
In this method, the exact FL among multiple candidate locations is identified using voltage-matching rules. The method works by generating an error index for each candidate based on matching the measured voltages at the substation bus and each DG unit bus with the calculated ones. The candidate FL with the lowest error index will be considered as the most likely fault point. The algorithm of this method is described in detail as follows.
Step 1) For each FL candidate, the bus impedance matrix of the given distribution system is modified to create a new bus (bus-) at a fault point [26] . By injecting the fault current , which is determined from the proposed impedance-based FL algorithm in the new bus (fault point) and by treating the measured currents at each source bus as current injections, the voltages at the substation bus and each DG unit bus can be calculated using (32) Step 2) The error index for candidate FL is then determined by using Error (33) where is the number of sources in the system including the substation source. and are the calculated and measured voltages at the th source bus, respectively.
Step 3) If the error index for all candidates is determined, classify the error indices and organize them in ascending order; otherwise, go back to Step 1).
V. CASE STUDY
In order to evaluate the performance of the proposed FL scheme, a modified version of IEEE 34-bus test feeder, as shown in Fig. 4 , was simulated with PSCAD/EMTDC [29] . The original IEEE 34-bus feeder is an actual feeder located in Arizona [30] . It is very long and contains a three-phase main feeder, multiple three-phase and single-phase laterals, unbalanced distributed and spot loads, shunt capacitors, and two step voltage regulators. As a result of modification, the distributed loads and the low-voltage circuit were aggregated as spot loads and modeled as constant impedances with a lagging power factor of 0.89. The voltage regulators were removed, since the tap setting of voltage regulators is unknown and the proposed scheme assumes that all system data are given except the loads which are estimated in this scheme. In order to consider the presence of DG units in the distribution feeder, two fixed speed wind generators are added, as shown in Fig. 4 . The data for the two generators are described in [31] .
All possible shunt fault types were simulated in different locations on the distribution feeder to test and evaluate the proposed scheme. The fault resistance varied from 0 to 25 according to the fault type [32] . For each test case, the prefault and during fault voltage and current waveforms were measured at each source bus assuming that the measurement equipment has an ideal manufacturing tolerance. A sampling rate of 256 samples/cycle was used. Full-cycle discrete Fourier transform in PSCAD/EMTDC software was used to calculate the fundamental voltage and current phasors which is then exported to the MATLAB environment [33] for FL estimation. Prefault phasors were calculated one cycle before the inception of the fault. This margin is used to avoid fluctuations and overlap of the prefault and during-fault data. During the fault, phasors were calculated at the third cycle after fault inception.
The prefault voltage and current phasors were used to estimate the load power demand at each load bus and subsequently the load bus impedance while the FL was estimated using the phasors during the fault. The estimated FL accuracy was measured by the percentage error calculated as follows:
Error Actual Estimated Total Length (34)
VI. TESTS RESULTS AND DISCUSSION
In this section, the accuracy of the proposed scheme is tested under the effects of fault resistance, fault distance, load variation, and load model. The ability of the scheme to find the FL for all possible shunt fault types is verified. The robustness of the proposed scheme to identify the exact FL is also performed. The proposed scheme is compared with other FL methods to verify the superiority of the proposed work.
A. Accuracy Tests 1) Effect of Fault Resistance:
Several tests were conducted to evaluate the accuracy of the proposed scheme under the variation of fault resistance. Table I shows the maximum and average errors for 14 types of faults simulated at the sending, middle, and receiving points of each line section in the network presented in Fig. 4 . The fault resistances were assumed to be 0, 10, and 25 . It can be seen from the results presented in Table I that the TABLE I  MAXIMUM AND AVERAGE ERRORS The phase-to-phase fault resistance is 10 . FL errors for the cases of zero fault resistance are very small and the errors increase with increasing fault resistance. However, the highest difference between the average FL errors for the cases of 0 and 25 was 0.04%, which is not significant. It is also noteworthy that the highest FL error obtained from all mentioned cases was 0.10%. These results show good accuracy for a large and unbalanced distribution feeder.
2) Effect of Fault Distance:
To analyze the effects of the fault distance variation on the accuracy of FL estimates, simulations of different fault types and fault resistances were carried out in different locations on the main distribution feeder. Fig. 5 shows the obtained results for an A-g fault with fault resistances of 10 and 25 . It can be seen from Fig. 5 that the FL error increases when the fault distance increases. However, for a long distribution feeder, the maximum errors for the two mentioned cases were 0.08% and 0.1%, respectively. This result shows that the proposed scheme is not significantly affected by the fault distance.
3) Effect of Load Variation: In order to demonstrate the accuracy of the proposed FL scheme under the effect of load variations, another simulation was carried out by taking into account random loading for each load bus.
The load factor of each load bus was randomly selected from normal distribution with a mean value equal to one and a standard deviation equal to 0.2, as shown in Fig. 6. Fig. 7 shows the estimated FL errors for an A-g fault located in different locations on the main distribution feeder with a fault resistance of 25 . It can be seen from Fig. 7 that the accuracy of the proposed scheme does not significantly deteriorate due to individual load variations. The results of this case show a maximum error of 0.13%, whereas the maximum error for the case of no-load variation is 0.1%.
4) Effect of Load Model:
Generally, loads in distribution systems vary with time depending on consumer type, weather, and the state of economy. Due to the availability of measurements at only source buses, it is difficult to know the load type at the fault instant. Hence, development of a fault-location method, which considers the exact type of load, is not useful with these limitations. Therefore, the majority of analytical fault-location methods, such as impedance-based methods, assumes the load type in load modeling. The most commonly used model is a constant impedance model [3] .
As mentioned in Section V, the loads were modeled as constant impedance. In order to show the accuracy of the proposed scheme against the variations of the load model, a polynomial load model with 20% of constant power, 25% of constant current, and 55% of constant impedance has been adopted to represent the loads connected to the feeder. The obtained results for an A-g fault with a fault resistance of 25 are presented in Fig. 8 . It can be seen from the results presented in Fig. 8 that the accuracy of the proposed scheme is not significantly affected by the exact load model. The maximum FL error for this case is 0.17%, whereas the maximum error for the case of the constant impedance load model is 0.1%. The deference between the maximum errors of the two cases is 0.07%, which is very small.
B. Ability Tests
The results presented in Table I show that the proposed FL scheme has the ability to locate all possible shunt fault types, including single-fault and compound-fault types. Besides the ability, the accuracy of the proposed scheme is not affected by the accuracy of the fault-type identification, since the identification of fault type is not required. 
C. Robustness Tests
Robustness of the proposed FL scheme to identify the exact FL has been analyzed for cases with normal load, load variation, and load model variation. The results show that the exact FL was indicated by the first position in the FL ranking with an accuracy of 95%. The remaining 5% of the test cases show the same minimum location error index for two possible fault points.
Table II presents the ranking results for different fault in the middle of sections 846-848 and 836-862 with a fault resistance of 10 and different load cases. It can be seen from Table II that the proposed scheme has accurately identified the exact FL among the multiple candidate locations for the faults in line sections 846-848. For faults in line section 836-862, the exact FL and one other candidate location have been chosen among four locations as the most possible fault locations since both locations have the same lowest error index.
D. Comparison Tests
To verify the superiority of the proposed scheme over other FL methodologies, a comparison between the proposed scheme and the methods proposed by Bretas [15] and Nunes [16] - [18] is presented. These methods are chosen since they are the best impedance-based methods developed for distribution systems with DG units.
The two methods mentioned before were implemented in MATLAB software. The proposed processes in this paper for determining the fault current were used for all methods. The capacitive effect was, however, not considered since it is the case in Bretas and Nunes's methods. In the implementation of Bretas's method, the mutual impedance of distribution lines was also not considered since the method is formulated for balanced systems. Table III shows the comparison of the two mentioned methods and the proposed method for a single-phase-to-ground fault at five locations with fault resistances of 0 and 25 . It can be seen from Table III that the accuracy of Bretas and Nunes's methods is moderate and it dramatically decreased with increasing fault distance and fault resistance.
On the other hand, the accuracy of the proposed method is high, and the effects of fault distance and fault resistance are very low. For the fault placed at a fault distance of 6.3 km from the substation with a fault resistance of 25 , the obtained error is 0.005%, whereas in the case of Bretas and Nunes's methods, the errors are 0.727% and 0.466%, respectively.
The main difference between the methods mentioned before and the proposed method is the line model and the consideration of unbalanced characteristics. Bretas and Nunes's methods use the short line model where the capacitive effect is not considered. This model can provide good accuracy for locating the fault in the short distribution lines. However, it is not suitable for long distribution feeders [20] . Moreover, Bretas's method neglects the mutual impedance effect of the distribution line by assuming the loads are balanced, and the distribution lines are perfectly transposed. From the practical view, this assumption is not valid and decreases the accuracy of the FL estimate as shown in the results presented in Table III. This observation led to the conclusion that the proposed method presents great improvements to FL accuracy by considering the characteristics of the distribution system.
Besides the consideration of distribution system characteristics, the proposed impedance-based method uses only one FL equation that is applicable to all fault types' occurrence in singlephase, two-phase and three-phase line sections. Hence, the identification of fault type is not required. Only the fundamental values of voltages and current measured at the substation and each DG unit bus are required for the proposed method. The currents measured at each DG unit bus are treated as current injection to consider the participation of each DG unit to the fault current. This idea avoids the modeling effort to represent the behavior of the generation unit and its interface during fault conditions. Hence, the proposed method is applicable to any DG unit type and has similar behavior for different types.
On the other hand, Bretas and Nunes's methods use the FL equation for each fault type. The identification of fault type is required. Therefore, the accuracy of these methods not only depends on the FL methodology but it also depends on the accuracy of the adopted fault classification method. These methods are formulated for three-phase distribution systems with a synchronous generator unit. Due to the complexity to obtain FL equations for different fault-type configurations, these methods are formulated in [15] - [17] for a single-phase-to-ground fault [18] for a three-phase-to-ground fault. These papers did not consider all possible fault types.
Finally, impedance-based methods, such as the methods presented in [15] - [18] , determine the FL that is given by the fault distance. Due to the tree topological structure of distribution systems, multiple fault locations are frequently obtained. In practice, other techniques and devices, such as fault indicators, and information from protection devices may be used to determine the exact FL or the most likely FL. However, the proposed scheme in this paper identifies the exact FL among multiple candidate locations using only the available measurements at the substation bus and each DG unit bus.
It is important to note that the conventional methods that use fault indicators [34] to identify the exact FL require seven fault indicators for the test case in this paper. On the other hand, the proposed method shows an accuracy of 95% without using any additional devices. However, this accuracy is subjected to the number and location of DG units. In order to improve the accuracy of the proposed method to 100%, it only requires one fault indicator that can be installed in line section 836-862.
The preceding discussion demonstrates the superiority of the proposed scheme in terms of the accuracy and the ability to identify the location of all possible fault types occurring in the unbalanced distribution systems in the presence of DG units.
VII. CONCLUSION
This paper presented a novel FL scheme to identify the exact FL using new impedance-based and voltage-matching methods. The proposed impedance-based method is used to identify all possible fault locations using a single FL equation which is applicable for all shunt fault types. The exact FL among the multiple candidate locations is then determined using the proposed voltage-matching method. The proposed scheme covers all of the unbalanced conditions of the distribution systems, such as the untransposed lines, the asymmetrical line impedances, and the single-phase laterals and loads. The capacitive effect of distribution lines and the presence of DG in the distribution system were also considered.
A modified IEEE 34-bus distribution system with two fixedspeed wind turbines was used to test and evaluate the proposed scheme. Test results verified the accuracy and robustness of the proposed scheme to identify the exact location under the effects of fault resistance, fault distance, and load uncertainty. The superiority of the proposed scheme over other FL methodologies was also verified. Thus, the proposed scheme is promising for practical applications.
